Introduction
It was a dark and stormy night … That is the scenario under which we commonly perceive precipitation to be produced outside the tropics: in storm clouds where ice-or mixed-phase processes dominate condensate particle growth. Spaceborne precipitation and cloud radars aboard the Tropical Rainfall Measurement Mission (TRMM) and CloudSat satellites show that rain over the tropical oceans outside the Intertropical Convergence Zone (ITCZ) is predominantly from warm clouds, while rain over the midlatitude oceans is predominantly from ice clouds Wu, 2003, 2011; Lebsock and L'Ecuyer, 2011] . However, to date, there is no global climatology of the thermodynamic phase of precipitating cloud over land and ocean.
In this paper, we use data from several satellites in the A-Train constellation to investigate what fraction of rain forms in liquid-phase (warm), mixed-phase, and ice-phase (cold) clouds. Only liquid-phase rain (including drizzle) is considered here, as we assume that solid precipitation (snow, hail, and graupel) always involves ice-phase processes; this assumption is discussed in section 4. As far as possible, the analysis relies on products that are available over land and ocean and retrieves the thermodynamic phase of the precipitating cloud without relying on temperature.
Data and Methods
Two pieces of information about clouds are required for this analysis. First, we need to know whether a cloud is raining. Rain identification is provided by the Cloud-Profiling Radar (CPR) aboard CloudSat [Stephens et al., 2002] . Second, we need to know the thermodynamic phase at the height where the precipitation originates. We assume that if ice is present anywhere within the precipitating cloud column, the precipitation is due to the more efficient ice-phase processes rather than the less efficient liquid-phase process (collision-coalescence). Therefore, if the thermodynamic phase at cloud top-where it can be retrieved by satellite-borne instruments-is ice or mixed, we classify the precipitation as cold rain; if the thermodynamic phase at cloud top is liquid and no ice is detected below, we classify the precipitation as warm rain. The pieces of information required for the cloud top phase determination are available from a combination of CPR and the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) aboard CALIPSO [Winker et al., 2009] .
A typical raining cloud column used in this analysis has the following structure. A radar signal indicative of precipitation starts at some height above ground and then either continues to the ground or, for heavy rain,
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• Figure S1 • Figure S2 • Figure S3 • Figure S4 • Figure S5 • Figure S6 • Figure S7 • Figure S8 Correspondence to: J. Mülmenstädt, johannes.muelmenstaedt@uni-leipzig.de 10.1002 attenuates before reaching the ground; precipitation that evaporates before reaching the ground is excluded from the analysis. Above this precipitation lies cloud identified by lidar backscatter, radar reflectivity, or both. Multiple further layers of cloud can lie atop the precipitating cloud layer; for some aspects of the analysis (comparison to Moderate Resolution Imaging Spectroradiometer (MODIS) cloud microphysical retrievals, and a sensitivity study), such columns are excluded. The cloud top phase determination is always made for the top of the lowest cloud layer above precipitation onset in the column. Cloud is identified by 2B-GEOPROF flag (≥ 30) at 480 m resolution and interpolated onto the lidar vertical grid; if only part of a radar bin is occupied by cloud (because the cloud top does not coincide with a radar bin boundary) and CALIOP has not attenuated, then the part of the radar bin identified as clear by CALIOP (from the CALIOP vertical feature mask) is not counted as cloud. Possible biases resulting from cloud top phase misidentification due to higher cloud layers overlying the precipitating layer are addressed in section 4.
Rain is identified by CPR radar reflectivity. In this analysis, we use the 2C-PRECIP-COLUMN product [Haynes et al., 2009 [Haynes et al., , 2011 (version P1_R04), which accounts for attenuation and multiple scattering of the radar beam and precipitation identification in the ground clutter region (the lowest five radar bins above the surface, approximately 1.2 km [Marchand et al., 2008] ). This analysis is restricted to rain that reaches the surface (2C-PRECIP-COLUMN precipitation flags "rain possible," "rain probable," and "rain certain"); it also excludes frozen or mixed-phase precipitation (since for these we assume that they always originate from cold processes), as flagged by 2C-PRECIP-COLUMN. Sensitivity of the results to the rain identification algorithm is discussed further in section 4.
Several methods for determining thermodynamic phase at cloud top exist. Ice particles and liquid droplets differ in their radar signature, with the ice particles reflecting more strongly than cloud droplets due to their larger size. In turn, large rain drops reflect microwave radiation more strongly than ice particles due to their higher dielectric constant. Ice and liquid particles also differ in their lidar signature, with more intense backscatter from liquid droplets due to the larger scattering cross section of the numerous small particles. We use the combined radar-lidar product DARDAR [Delanoë and Hogan, 2010; Ceccaldi et al., 2013] (version DARDAR-MASK v1.1.4), where the combination of lidar backscatter and radar reflectivity is the basis for distinguishing between ice clouds, typical mixed-phase clouds where a liquid top overlies the ice, and liquid clouds. Additional information on cloud top phase is contained in the depolarization of the polarized CALIOP beam scattered from ice crystals [Hu et al., 2007; Cesana and Chepfer, 2013] . Agreement between the DARDAR cloud top phase used in this analysis and depolarization-based retrieval algorithms is assessed in further detail in section 4.
Retrieving rain rate uniformly in warm and cold rain over land and ocean is a difficult task. While precipitation occurrence is determined both over land and over ocean by the CPR, operational products for retrieving precipitation intensity (2C-PRECIP-COLUMN and, specifically for warm rain, 2C-RAIN-PROFILE [Lebsock and L'Ecuyer, 2011] ) exist only over ocean because they rely on a radar return from a surface with known radar backscatter cross section. Mitrescu et al. [2010] and Matrosov [2007, 2014] have developed experimental retrievals that do not depend on a known surface return, but these data sets are not operationally available. The TRMM precipitation radar [Kummerow et al., 1998 ] also provides rain rate over land and ocean, but due to its longer wavelength it is less sensitive to drizzle [Short and Nakamura, 2000] than the CPR [e.g., Haynes et al., 2009; Behrangi et al., 2012] and is restricted to latitudes equatorward of 35 ∘ . The Global Precipitation Measurement mission now provides a TRMM-like product at higher latitudes, but has only been in orbit since 2014. Passive microwave retrievals of precipitation over land rely on scattering of microwave radiation by ice particles [e.g., Stephens and Kummerow, 2007] and are thus unsuitable for warm rain. We circumvent the difficulty of assembling a global precipitation rate climatology by instead analyzing rain occurrence, defining a rain event as liquid precipitation with an arbitrary intensity.
Results
In approximately 5 years of collocated CloudSat-CALIPSO data (2006-2011), we find slightly over 50 million raining profiles. Henceforth, we will refer to the fraction of raining columns with liquid-, mixed-, and ice-phase tops as the phase fraction, defined as
, i ∈ {ice, liquid, mixed} (1) where n i ( , ) is the number of raining columns with cloud top of phase i within the grid box at latitude and longitude .
(The cloud top phase in the case of multiple cloud layers refers to the phase at the top of the lowest layer above precipitation onset.) Figure 1 shows the phase fraction in each 2°× 2°latitude-longitude box. Like the warm rain amounts reported by Lau and Wu [2003] and Lebsock and L'Ecuyer [2011] , the warm-rain phase fraction is highest in the tropical and subtropical oceans outside the ITCZ, where it is close to 100% over wide areas. In contrast, cold rain dominates in the ITCZ, over the midlatitude oceans, and in general over all continents. The fraction of raining columns with mixed-phase tops depends mainly on latitude, ranging from 10% over the tropical oceans to 30-50% at 60 ∘ north and south latitude, with higher values over the continents. Figure 2 illustrates the strong seasonal variation of phase fraction. Compared to boreal winter, boreal summer sees a dramatic increase in cold rain over the northern tropics at the expense of warm rain, with a nearly symmetric increase in the southern tropics. The peak magnitude of the seasonal phase-fraction difference is 30% over ocean at 15 ∘ N, 40% over ocean at 15 ∘ S, and approximately 50% over land at 15 ∘ latitude in both hemispheres. This seasonal cycle follows the seasonal cycle of insolation. A weaker cycle of opposite sign and half the magnitude is observed over the midlatitude oceans. The midlatitude cycle could be due to destabilization of a cold air mass overlying a relatively warm ocean surface in winter. Finally, a seasonal difference in mixed-phase rain of approximately 10% exists in both hemispheres just poleward of 30 ∘ latitude. Figures S7 and S8 in the supporting information show the phase fractions in each season (from which Figure 2 is calculated) and the geographic distribution of the seasonal differences.
Cold rain can be further subdivided into stratiform and convective precipitation based on the vertical profile of radar reflectivity. In stratiform precipitation, ice particles falling through the melting layer produce a band of high reflectivity (bright band) below which strong attenuation by rain drops occurs; in convective precipitation, updrafts can lift rain drops significantly above the freezing level, so that significant attenuation due to rain begins above the freezing level. The 2C-PRECIP-COLUMN product classifies the column as convective if the attenuation due to rain starts at least 500 m above the freezing level [Haynes et al., 2011] . The global annual mean fraction of raining columns classified as convective (and therefore the convective area fraction) is 10% for ice-phase, < 1% for liquid-phase, and 6% for mixed-phase raining clouds. The overall Warm rain exhibits a remarkable land-sea contrast. Even at latitudes where rain from warm clouds is copious over ocean, there is almost no warm rain over land. Overall, the warm-rain phase fraction over land is only 1% in the extratropics (poleward of 30 ∘ latitude) and 8% in the tropics, while the warm-rain phase fraction over ocean is 15% in the extratropics and 44% in the tropics. (The ice-phase fractions are 67% and 71% over land in the extratropics and tropics; they are 50% and 45% over ocean in the extratropics and tropics. The remainder is mixed phase.) Rain from liquid clouds over land is mostly confined to regions of onshore flow in eastern South and Central America and Africa.
How can we explain the scarcity of warm rain over land? The continental and marine atmospheres differ in many respects that influence clouds, with less abundant moisture, higher aerosol concentrations, and greater turbulence production by surface heat fluxes that results in stronger updrafts over land. A land-sea contrast in warm-rain fraction is therefore not unexpected, even if its magnitude is surprising.
The presence of warm rain over continents in onshore flow can be explained as marine air masses that have not yet transitioned to continental. This explanation is supported by the gradient of warm-rain fraction as one moves downwind and onshore over the tropical continents. It is more difficult to explain the relative abundance of warm rain over southern Asia relative to other continental areas. A closer investigation of the individual warm-rain columns over India for 1 year (2008) shows that nearly 90% of single-layer columns also have a collocated MODIS cloud top temperature above 273 K, even though a sizable fraction of these warm clouds extend to 4-5 km height. This indicates that a combination of high surface temperature and sufficient moisture, rather than potential artifacts due to the presence of aerosol layers, is the cause of these continental warm-rain clouds.
It remains to be explained why warm rain is very infrequent also over the rest of the continents. The scarcity is the result of two factors. First, liquid clouds, raining or nonraining, make up a smaller fraction of DARDAR-observed clouds over land than over ocean (Figure 3a) . Second, warm clouds over land are less likely to rain than warm clouds over ocean. Define the rain probability as
with n i ( , ) the number of raining columns with cloud top phase i and N i ( , ) the number of DARDAR-observed cloud columns with cloud top phase i within the grid box at latitude and longitude . Figure S2 for the probabilities of precipitation of ice and mixed-phase clouds).
(For both n i and N i , the cloud top phase in the case of multiple cloud layers refers to the phase at the top of the lowest layer.) While p ice and p mixed are slightly smaller over land than over ocean (see Figure S2 ), the occurrence reduction over land versus ocean is dramatic for p liquid : the probability for rain from warm cloud is typically ≥ 20% over ocean but < 2% over land (Figure 3b ).
To understand this lower warm-rain probability, we next investigate the differences in liquid water content (LWC), effective radius (r e ), and cloud top height (z top ) between continental and marine raining and nonraining CloudSat-detected warm clouds. For the daytime portions of 1 year of data (2008), the MODIS Collection 6 cloud product cloud top effective radius, and cloud liquid water content were collocated to the CloudSat track.
Only profiles identified as single-layer by DARDAR were used so as to avoid artifacts from multilayer MODIS retrievals; approximately 40% of profiles satisfy this requirement. Due to the reduced number of observations, the cloud variables are aggregated to 5 ∘ latitude zonal bands over land and ocean; latitude bands with fewer than 100 observations (near the poleward edge of rain occurrence) are not used. The distributions are shown in Figure 4 . Over ocean, the effective radius and cloud top height of raining and nonraining clouds are similar, while over land raining clouds have larger effective radius and higher tops than nonraining clouds. One explanation for the difference between marine and continental warm-rain probability consistent with these observations is that marine warm clouds are on average close to the r e threshold for drizzle initiation [Freud and Rosenfeld, 2012] and require only a small perturbation to precipitate; continental clouds, on the other hand, have smaller effective radii, and greater vertical development is required before the cloud can precipitate. It is not possible to determine from these cloud variables whether the smaller effective radii of continental clouds are due to greater aerosol concentrations or due to more vigorous updrafts resulting in higher supersaturations.
Assessment of Uncertainties
Uncertainties in the underlying satellite retrievals result in uncertainties and biases in the phase fractions. Warm rain is often drizzle, which is less likely to be detected; as a cloud radar, CPR is more sensitive to drizzle than precipitation radars, but a residual effect still exists. Temperature, taken from the interpolated meteorological analysis of the European Centre for Medium-Range Weather Prediction (ECMWF), the ECMWF-AUX data set, is mostly excluded as an error source by choosing algorithms that derive the cloud top phase from radiative signatures of liquid and ice-phase condensate. A residual dependence remains because no ice detection is attempted in clouds with an ECMWF-AUX cloud top wet-bulb temperature above freezing; we show below that this error is small. Land surface and sea surface differences in precipitation retrieval may bias the detection probability over land, but the assignment of cloud top phase is not sensitive to surface type. Where a gradual transition occurs between high warm-rain fraction over ocean and low warm-rain fraction over land, the transition region often includes one or more 2°×2°latitude-longitude boxes with elevated warm-rain fraction that are entirely over land, demonstrating that the land-sea contrast cannot be entirely due to algorithmic differences.
Atmospheric columns with multiple cloud layers, in particular cirrus clouds overlying raining warm clouds, are common [Haynes and Stephens, 2007] . The thermodynamic phase assigned to the raining cloud is the phase at the top of the lowest cloud layer above precipitation onset. In scenes with multiple cloud layers, it is possible that cloud layers merge and the top of the wrong cloud is used to determine thermodynamic phase. This could be the case, for example, in a seeder-feeder situation where ice crystals sediment through clear air from an ice cloud into a liquid cloud at lower altitude, and the radar sensitivity to ice crystals leads to the clear air layer being classified as cloud; this type of misidentification is actually beneficial, since the precipitation forms through an ice-phase process. It is also possible that a single cloud layer is spuriously split in two because the radar reflectivity falls below the single-column detection limit. However, we do not expect a large cloud-phase misidentification probability from such spuriously split columns, as both the liquid and the ice parts of the column will contain large targets (ice particles or rain drops) with high reflectivity. To test whether our results are robust to potential layer misidentification, we have repeated the analysis exclusively for single-layer columns, i.e., columns in which neither radar nor lidar detects another cloud layer above the precipitating layer. This results in a higher ice-cloud phase fraction, mostly at the expense of mixed-phase clouds but also at the expense of warm clouds, as shown in Figure S3 ; presumably this is because the top of ice clouds is higher, reducing the likelihood for another layer. The conclusions of the paper are not qualitatively different when considering only single-layer clouds (compare Figures 1 and S3 ).
To assess the robustness of our results against retrieval errors and uncertainties, we compare the rain identification and cloud top phase identification algorithms used in this analysis against other retrieval algorithms applied to the CPR and CALIOP profiles. These comparisons show good agreement, increasing our confidence in the results. Phase misidentification effects can be estimated by comparing the DARDAR and the general circulation model-oriented CALIPSO cloud product (GOCCP) instant scattering ratio phase [Cesana and Chepfer, 2013] phase retrieval methods. DARDAR relies on a comparison of radar and lidar intensity profiles, while GOCCP uses depolarization of polarized incident lidar by ice crystals (which, however, requires vertical averaging and thus reduces the vertical resolution compared to DARDAR). The global average disagreement between the two methods is 5% for ice-topped and 1% for liquid-topped (phases according to the DARDAR classification) clouds, with no strong regional variation.
To test the possibility that the conclusions of our analysis might change if we were to consider lighter drizzle or precipitation that evaporates before reaching the ground, we compare the results to a version of the analysis that uses the DARDAR precipitation flag in place of the 2C-PRECIP-COLUMN flag. The reflectivity threshold for drizzle identification is lower in the DARDAR precipitation flag (−17 dBZ instead of −15 dBZ), and precipitation is not required to continue to the ground. Figure S4 shows the resulting phase fractions, which lead to the same conclusion of very infrequent of warm rain over land, although not quite as infrequent as when using the 2C-PRECIP-COLUMN precipitation flag. The interpretation is that warm-phase light drizzle formation occurs at relatively larger frequency over land. This interpretation is supported by considering the 2C-PRECIP-COLUMN rain flags-rain certain, rain probable, and rain possible-separately ( Figure S5 ). The rain possible flag, where the lightest drizzle detected by 2C-PRECIP-COLUMN would be found, shows greater warm-rain occurrence fraction over land than the rain certain and rain probable flags.
We expect that liquid cloud processes do not contribute to solid precipitation. To test this expectation, we calculate the phase fractions of precipitating columns identified as mixed precipitation (rain and ice) or snow at the surface by 2C-PRECIP-COLUMN ( Figure S6 ). Mixed precipitation ("mixed precipitation possible" and "mixed precipitation certain") behaves as expected, with negligible contributions from liquid-phase clouds. Snow ("snow possible" and "snow certain") has a surprisingly high liquid cloud occurrence fraction in the polar regions and over Siberia, far exceeding the warm-rain fraction; this is true even when only snow certain columns are considered. It is conceivable that a liquid cloud above a colder layer of air could produce solid or mixed precipitation at the surface. However, it seems physically unlikely that snow would have a larger fraction of occurrence from liquid clouds than rain, so this is presumably an artifact. When all types of precipitation are considered together, our conclusion that very little precipitation over the extratropical continents originates in liquid-phase clouds is unchanged except over Antarctica, Siberia, and arctic North America, as shown in Figure S6c .
Conclusions and Outlook
This paper presents the global-land and ocean-climatology of rain occurrence fraction from ice-, liquid-, and mixed-phase cloud as derived from satellite retrievals. The results of Lau and Wu [2003] and Lebsock and L'Ecuyer [2011] for rain rate over ocean are found to hold for rain frequency of occurrence: large contributions by warm rain over the tropical oceans outside the ITCZ and smaller contributions over the midlatitude oceans. Over wide areas in the tropical oceans, warm rain accounts for close to 100% of rain occurrences. This pattern tracks the seasonal pattern of insolation closely.
The most striking feature of the phase fraction is the very infrequent occurrence of warm rain over land compared to ocean. Appreciable amounts of rain from liquid-phase clouds over land occur near coasts in onshore flow and over much of southern Asia. Which of the differences between the continental and maritime atmosphere-less abundant moisture, stronger updrafts, higher aerosol concentrations, or greater variability of surface heat fluxes over land-is responsible for this contrast could not be determined. Further investigation of this question could improve our understanding of precipitation formation mechanisms and also may help test hypotheses on the role of aerosol-cloud interactions in precipitation.
General circulation models are biased in rain frequency and intensity [e.g., Dai, 2006; Stephens et al., 2010; Nam and Quaas, 2012] . By providing additional observational constraints on relative frequency of precipitation from warm and cold processes, which favor drizzle and heavy precipitation, respectively, our results may prove of use in improving precipitation parameterization in models. Finally, our results highlight the importance of ice-and mixed-phase cloud processes in the hydrological cycle outside the tropical oceans.
